ST8SIA2 is a polysialyltransferase that attaches polysialic acid to the glycoproteins NCAM1 and CADM1. Polysialylation is involved in brain development and plasticity. ST8SIA2 is a schizophrenia candidate gene, and St8sia2 2/2 mice exhibit schizophrenia-like behavior. We sought to identify new pathological consequences of ST8SIA2 deficiency. Our proteomic analysis suggested myelin impairment in St8sia2 2/2 mice. Histological and immune staining together with Western blot revealed that the onset of myelination was not delayed in St8sia2 2/2 mice, but the content of myelin was lower. Ultrastructure analysis of the corpus callosum showed thinner myelin sheaths, smaller and irregularly shaped axons, and white matter lesions in adult St8sia2 2/2 mice. Then we evaluated oligodendrocyte differentiation in vivo and in vitro. Fewer OLIG21 cells in the cortex and corpus callosum, together with the higher percentage of undifferentiated oligodenroglia in St8sia2 2/2 mice suggested an impairment in oligodendrocyte generation. Experiment on primary cultures of oligodendrocyte precursor cells (OPCs) confirmed a cell-autonomous effect of ST8SIA2 in oligodendroglia, and demonstrated that OPC to oligodendrocyte transition is inhibited in St8sia2 2/2 mice. Concluding, ST8SIA2-mediated polysialylation influences on oligodendrocyte differentiation, and oligodendrocyte deficits in St8sia2 mice are a possible cause of the demyelination and degeneration of axons, resembling nerve fiber alterations in schizophrenia.
Introduction
T he glycosyltransferase ST8SIA2 is a plausible factor for neurodevelopmental predisposition to schizophrenia. ST8SIA2 is part of a susceptibility region 15q23 (Maziade et al., 2005) , and numerous studies link polymorphisms in ST8SIA2 to the disease (Arai et al., 2006; Gilabert-Juan et al., 2013; McAuley et al., 2012; Tao et al., 2007; Yang et al., 2015) . A possible role for ST8SIA2 in schizophrenia is supported by post-mortem studies that have revealed decreases in the levels of ST8SIA2 enzymatic product, polysialic acid (polySia), in the brain of schizophrenics (Barbeau et al., 1995; Gilabert-Juan et al., 2012) . A recent study reported correlations between increases in polySia serum levels, structural brain alterations, and negative and cognitive symptoms in schizophrenia patients (Piras et al., 2015) . Animal studies also support the association between ST8SIA2 and schizophrenia. St8sia2 2/2 mice exhibited schizophrenia-like behavior (Calandreau et al., 2010; Kr€ ocher et al., 2015) , enlarged lateral ventricles, decreased thalamic volume, and thalamocortical disconnectivity (Kr€ ocher et al., 2015) , reminiscent of the anomalies in schizophrenia (Mitelman et al., 2007; Wobrock et al., 2008; Woodward et al., 2012) . ST8SIA2 coordinates with another polysialyltransferase, ST8SIA4, in modifying acceptor proteins by attaching polysialic acid (Schnaar et al., 2014) . Different phenotypes of St8sia2 2/2 and St8sia4 2/2 mice prove that the function of ST8SIA2 and ST8SIA4 are not fully redundant (Angata et al., 2004; Calandreau et al., 2010; Eckhardt et al., 2000; Hildebrandt et al., 2009; Kr€ ocher et al., 2015) . The expression of St8sia2 and St8sia4 is spatially regulated and largely overlapping (Angata et al., 2004; Hildebrandt et al., 1998; Oltmann-Norden et al., 2008) . However, St8sia2 and St8sia4 show different time-specific patterns of expression, indicating the independent regulation of both genes. ST8SIA2 appears to predominate during embryonic and early postnatal development, whereas ST8SIA4 is the major enzyme in the adult brain. Moreover, ST8SIA2 and ST8SIA4 show different substrate preferences. The major carrier of polySia is neural cell adhesion molecule 1 (NCAM1) while less prominent carriers are cell adhesion molecule 1 (CADM1) and neuropilin-2 (Galuska et al., 2010; Rollenhagen et al., 2012; Werneburg et al., 2015a; Werneburg et al., 2015b) . In contrast to NCAM1, which can be polysialylated by ST8SIA2 and ST8SIA4, CADM1 is exclusively polysialylated by ST8SIA2 (Rollenhagen et al., 2012; Werneburg et al., 2015b) . PolySia weakens cell-cell contacts by decreasing the adhesive properties of NCAM1 (Schnaar et al., 2014) . Furthermore, polySia impacts cell signaling by modulating NCAM signals (Eggers et al., 2011; Seidenfaden et al., 2003) , ion channel activities (Ahrens et al., 2011; Hammond et al., 2006; Vaithianathan et al., 2004) , and accessibility of secreted bioactive molecules (Kiermaier et al., 2016; Sato and Kitajima 2013) . NCAM1 polysialylation is vital for the migration and clustering of neural and glial precursors (Angata et al., 2007; Kr€ ocher et al., 2014; Wang et al., 1994) , the growth and fasciculation of nerve fibers (Kolkova et al., 2000; Schiff et al., 2011) , and synapse formation and plasticity (Kochlamazashvili et al., 2010; Senkov et al., 2012) .
Polysialylation has also been implicated in myelin formation. Myelination in the mammalian brain begins postnatally (Sowell et al., 2003) and is modulated by: electrical activity (Gibson et al., 2014; Wake et al., 2011) , axon-glia interactions and the extracellular matrix (Ahrendsen and Macklin 2013; White and Kr€ amer-Albers 2014) . The loss of polySia on the membrane of oligodendrocytes and axons was proposed to be a prerequisite for myelin formation (Bakhti et al., 2013; Charles et al., 2000; Fewou et al., 2007; Franceschini et al., 2004; Jakovcevski et al., 2007; Prolo et al., 2009) . Consistent with the need to downregulate polySia during myelination, St8sia4 2/2 mice exhibited improvements in remyelination in the brain after cuprizone-induced demyelination, although they displayed no obvious deficits in developmental myelination (Koutsoudaki et al., 2010) . The myelinrelated phenotype of St8sia2 2/2 mice has not yet been investigated, and the role of ST8SIA2 in myelination, myelin maintenance, and myelin repair is unclear.
We found that ST8SIA2 deficiency led to myelin deficits, thinning of axons and the age-related degeneration of white matter. St8sia2 2/2 oligodendrocyte precursor cells (OPCs) exhibited lower differentiation potential both in vivo and in vitro, which might explain the deterioration of myelin and axons in St8sia2 2/2 mice.
Materials and Methods

Mice
St8sia2 and St8sia4 knockout mice on a C57BL/6 background were housed and fed under standard conditions. The mice were bred as heterozygotes to obtain wildtype (St8sia2 1/1 , St8sia4 
Brain Fixing and Sectioning
Mice on postnatal day 15 (P15) and older were anesthetized with pentobarbital sodium and transcardially perfused with 0.1 M phosphate-buffered saline (PBS) solution, pH 7.4, followed by 4.5% paraformaldehyde in PBS for immunochemistry or 4.5% paraformaldehyde and 2.5% glutaraldehyde in PBS for transmission electron microscopy (TEM). The brains were dissected, post-fixed, cryoprotected with 30% sucrose in PBS for 24 h, and sectioned with a microtome (40 mm slices for immunohistochemistry, immunofluorescence or histology, 100 mm slices for electron microscopy).
Immunohistochemistry and Black-Gold II Myelin Staining
Free-floating slices were washed with PBST (PBS 1 0.2% Triton X-100) and quenched with 0.3% H 2 O 2 . They were then blocked in the serum of the appropriate species in PBST and incubated overnight with primary antibodies (anti-MBP, 1 : 500, ProteinTech, catalog number 10458-1-AP; anti-Neurofilament, 1 : 1,000, ProteinTech, catalog number 18934) at 48C. The next day, the slices were incubated with biotinylated secondary antibody (Vector Labs) for 1 h at room temperature. Staining was visualized by reacting with 3,3-diaminobenzidine substrate using the ABC kit (Vector Labs). For histological myelin staining, the Black Gold II Myelin Staining Kit (Millipore) was used according to the manufacturer's instructions. Quantifications were performed using ImagePro Plus software (Media Cybernetics).
Protein Extraction and Western Blot
Proteins from brain structures or cells were extracted with ice-cold RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM ethylenediaminetetraacetic acid, 1 mM NaF, Complete Protease Cocktail and Phosphatase Inhibitor Cocktail 2), centrifuged, and stored at 280 C until use. 
Oligodendrocyte Precursor Cell Culture
Mixed glial cultures were set up according to the protocol of O'Meara et al. (2011), with minor modifications. The brain cortex from P2 mouse pups were dissected and digested in digestion solution (1.5 mg/mL papain, 360 lg/mL L-cysteine, and 60 lg/mL DNaseI in MEM -Modified Eagle Medium). The cell suspension was triturated with a Pasteur pipette, centrifuged at 300g, and seeded in poly-Llysine-coated tissue culture flasks and cultured in MGC medium (DMEM supplemented with: 4.5 mg/L glucose, fetal bovine serum (10%), Pen/Strep (1%) and GlutaMAX V R (1x)). After 12 days, the flasks were transferred to an orbital shaker to remove microglia, followed by shaking for an additional 16 h to detach OPCs, which were then seeded on poly-D-lysine-coated plates and cultured in SATO medium (DMEM supplemented with: B27 Supplement (1x), 4.5 g/L glucose, GlutaMAX V R (1x), 1 mM sodium pyruvate, 100 lg/mL apotransferrin, 100 lg/mL BSA, 20 nM progesterone, 15 lg/mL putrescine, 30 nM sodium selenite, 5 lg/mL insulin, 50 lg/ml N-acetyl-lcysteine, 10 ng/mL biotin, Trace B element (1x), 25 lM Forskolin, 1% Pen/Strep) supplemented with either 10 ng/mL platelet-derived growth factor (PDGF-AA) and 20 ng/mL basic fibroblast growth factor (bFGF; maintenance conditions) or 45 nM 3,3',5-triiodo-L-thyronine (T3; differentiation conditions).
Real-Time Quantitative Polymerase Chain Reaction
RNA from OPCs was isolated with the RNeasy Kit (Qiagen) and transcribed to cDNA using the Transcriptor High Fidelity cDNA Synthesis Kit (Qiagen). The levels of transcripts were measured using the SYBR Green I Master Kit (Roche) and a LightCycler 480 Instrument II (Roche 
Transmission Electron Microscopy
Slices were postfixed in 1% osmium tetroxide for 1 h at room temperature, dehydrated in an increasing series of ethanol concentrations, incubated with propylene oxide, and embedded in Epon (Sigma-Aldrich). Sixty-nanometer-thick sections were prepared and stained in 1% uranyl acetate. The images were captured with a JEM 1400 transmission electron microscope (JEOL, Japan). The morphometric analysis was performed using ImageJ software. The diameters of the axons and myelinated fibers were calculated according to the following equation: diameter 5 perimeter/p, which allowed us to calculate the g-ratio (ratio of the inner axonal diameter to the total outer diameter of a myelinated axon) for irregularly shaped fibers.
Statistical Analysis
Two-tailed Student's t-test was used to test for significance when comparing data for St8sia2 2/2 and wildtype mice. Correlations were examined using Pearson correlation coefficient of linear regression, and ANCOVA was used to test for significance when comparing regression coefficients for St8sia2 2/2 and wildtype mice. Values of P < 0.05 were considered statistically significant.
Results
The Levels of Myelin Proteins Are Lower in the Brain in St8sia2 2/2 Mice but Not in St8sia4
Mice Our proteomic analysis revealed lower levels of several myelin proteins in St8sia2 2/2 mice but not in St8sia4 2/2 mice (Supp.
Info. Table S1A , B). This result was corroborated by the Western blot analysis of the levels of proteolipid protein 1 (PLP1) in total protein lysates from different parts of the cortex, hippocampus, and thalamus (Supp. Info. Fig. S1A ). Next, in the samples of the dorsal part of the cortex (which included the primary sensory and motor cortices), we analyzed by Western blot the levels of the following major myelin proteins:
FIGURE 1: Myelin protein levels in the cortex in wildtype and St8sia2 2/2 mice. Representative Western blots and densitometric analyses of MBP, CNP, MOG, PLP1, and MOBP levels in the cortex in St8sia2 1/1 and St8sia2 2/2 mice on P15, P30, and P90. The band intensity was normalized to pan-Cadherin (CDH). Each dot represents one animal. The mean for the control is set as 1. The data are expressed as mean 6 SD. *P 0.05; **P 0.01; ***P 0.001. [Color figure can be viewed at wileyonlinelibrary. com] FIGURE 2: Progression of brain myelination in wildtype and St8sia2 2/2 mice during postnatal development. A, B: Immunohistochemical staining for MBP on sagittal brain sections on P5 and P15. C: Histological Black Gold II staining of brain sections on P15. Representative sections of one of four brains are shown for each genotype. Scale bar: 1000 lm in upper panels and 100 lm in bottom panels. Cb, cerebellum; CC, corpus callosum; CP, caudate putamen; Cx, cortex; Mb, midbrain; My, medulla; P, pons.
[Color figure can be viewed at wileyonlinelibrary.com] myelin basic protein (MBP), PLP1, 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP), myelin oligodendrocyte glycoprotein (MOG), and myelin oligodendrocyte basic protein (MOBP). This analysis was performed with juvenile (P15), adolescent (P30), and mature adult (P90) mice. Lower levels of all MBP isoforms, as well as CNP, were observed in St8sia2 2/2 mice at all ages examined (Fig. 1) . MOG was reduced on P30 and P90, whereas the levels of PLP1 and MOBP were significantly lower in mature St8sia2 2/2 mice (P90). No alterations were seen in younger mice. In contrast, in 4-month-old (M4) St8sia4 2/2 mice, the levels of PLP1 were unchanged (Fig. S1B in Supp. Info.). These results demonstrated that ST8SIA2 , and St8sia4 2/2 mice. A, B: Black Gold II staining and densitometric analysis in the cortex and corpus callosum in St8sia2 1/1 and St8sia2 2/2 mice on P30 and P90 and at M8. C: Black Gold II staining and densitometric analysis in the cortex in St8sia4 1/1 and St8sia4 2/2 mice at M4. Each dot represents one animal. The mean for the control is set as 1. Scale bar: 250 lm in A and C, and 100 lm in B. The data are expressed as mean 6 SD. CC, corpus callosum, CP, caudate putamen; Cx, cortex. *P 0.05; **P 0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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Volume 65, No. 1 deficiency but not ST8SIA4 deficiency reduced the levels of myelin-specific proteins in the brain.
Myelin Onset Is Not Delayed in St8sia2 2/2 Mice Low content of myelin proteins may result from a delay in myelination onset. To test this, we compared the progression of brain myelination in St8sia2 2/2 pups vs. wildtype pups.
We stained brain slices from neonatal (P5) and juvenile (P15) mice for MBP or used Black Gold II to stain myelin. On P5, MBP immunoreactivity was visible in the medulla, pons, and hindbrain basal plate ( Fig. 2A) . By P15, only fibers in the superficial layers of the cortex were not stained (Fig. 2B) . No difference was found in spatial myelination patterns between St8sia2 2/2 and wildtype mice on either P5 or P15. The histological staining also revealed the normal progression of myelination in St8sia2 2/2 mice on P15 (Fig. 2C) . However, MBP staining on P15 revealed a nonsignificant tendency toward a decrease in intensity in specimens from St8sia2 2/2 mice compared with controls, consistent with the Western blot results. These results indicated that the time-course and developmental pattern of myelination were unaltered in St8sia2 2/2 mice, although the content of the specific myelin protein MBP was lower even before the whole brain was myelinated.
Myelin Content Is Low in the Brain in St8sia2
2/2
Adult Mice
To determine whether myelin deficits in St8sia2 2/2 mice progress with age, we stained brain slices from adolescent (P30), mature adult (P90), and older adult (M8) mice with Black Gold II (Fig. 3A,B) . The densitometric analysis across all cortical layers revealed no significant difference between St8sia2 2/2 and wildtype mice on P30 (Fig. 3A, upper panel) but lower myelin content in St8sia2 2/2 mice on P90 and at M8 (Fig. 3A , middle and lower panels). In the corpus callosum on P90, the myelin content was also lower in St8sia2 2/2 mice (Fig. 3B) , and similar results were obtained for other brain structures, including the hippocampus and striatum (data no shown). In contrast, myelin content in St8sia4 2/2 mice at M4 was unchanged (Fig. 3C) . In summary, ST8SIA2 deficiency led to progressive myelin deficits with age.
Axons Are Altered in the Cortex in St8sia2 2/2 Mice Polysialic acid-deficient mice display hypoplasia in major brain axon tracts (Hildebrandt et al., 2009; Kr€ ocher et al., 2015; Schiff et al., 2011; Weinhold et al., 2005) . To determine whether axonal agenesis occurs in the cortex in St8sia2 2/2 mice, which could cause the observed decrease in myelin content, we stained P90 brain sections for major axonal protein neurofilaments (NEFs). Compared with wildtypes, the NEF staining intensity in the upper cortical layers appeared to be weaker in St8sia2 2/2 mice (Fig. 4A) , but the densitometric analysis did not reveal a significant difference. However, the Western blot analysis of the levels of NEF in the cortex on P15, P30, and P90 revealed significant reductions of the levels of all NEF isoforms (light, medium, and heavy [NEF-L, NEF-M, and NEF-H]) in the cortex in St8sia2 2/2 mice at all ages examined (Fig. 4B) . These results were consistent with compromised axon development. Phosphorylated microtubule-associated protein tau (pMAPT) is a marker of degenerating axons (Evans et al., 2000) . To determine whether axons in St8sia2 2/2 mice degenerate with age, which might explain the age-related decline of myelin, we examined the phosphorylation status of MAPT at Ser396 and Ser404. On P15 and P30, the levels of pMAPT in St8sia2 2/2 mice were not different from wildtype mice (Fig. 4C) . However, on P90, the level of pMAPT was significantly higher in St8sia2 2/2 mice, suggesting age-related axonal degeneration.
Axons Become Smaller, the Myelin Sheath Thins, and Nerve Fibers Degenerate with Age in the Corpus Callosum in St8sia2 2/2 Mice To determine whether only axons or both axons and myelin deteriorate in St8sia2 2/2 mice, we examined the white matter ultrastructure in the corpus callosum on P90 and at M8 by TEM (Fig. 5A) . In sections from St8sia2 2/2 mice, we observed dark degeneration of some axons on P90 and white matter lesions at M8. We then performed a morphometric analysis of the TEM images. The cross-sectional areas of axons were calculated, and the circularity of axons was assessed for each genotype and age. At both of the investigated time-points, axons in the corpus callosum were significantly thinner in St8sia2 2/2 mice, and their shape was less regular than in wildtype mice (Fig. 5B , left and middle panels). Furthermore, the g-ratio (the ratio of axon diameter to axon plus myelin diameter), a reliable measure of axonal myelination (Chomiak and Hu, 2009) , was significantly higher in St8sia2 2/2 mice (Fig. 5B , right panel), indicating thinner myelin sheaths in these mice. The difference was more pronounced in M8 mice than in P90 mice, indicating progressive demyelination of axons in knockout mice. A regression analysis of the g-ratio and axon size measurements was performed e. The g-ratios increased with axon size in both wildtype and St8sia2 2/2 mice, reflected by the trend lines, and the slopes of the trend lines were similar (Fig. 5C ). To determine whether small-or large-diameter axons displayed myelin thinning in St8sia2 2/2 mice we compared regression coefficients between knockout and wildtype mice, but we did not observe a statistically significant difference (p 5 0.59 for P90 mice, p 5 0.11 for M8 mice). Thus, regardless of axonal caliber, the myelin sheaths were thinner in St8sia2 2/2 mice. This suggested that the thinning of axons and the thinning of myelin in St8sia2 2/2 mice developed independently. Finally, TEM mice on P90 and at M8. White arrows point to dark degeneration. Black arrows point to white matter lesions. Scale bar 5 1,000 nm. B: Scatter diagram of axonal area, circularity, and g-ratio values in the corpus callosum on P90 and at M8. Three photomicrographs of the corpus callosum from each mouse were used to analyze the area and circularity of axons. n 5 5 for P90; n 5 4 for M8. The analysis was performed on the area of the corpus callosum that lies beneath the primary motor cortex (1.5 mm posterior to bregma to 20.3 mm anterior to bregma; lateral,~1.0 to 1.5 mm). A total of 250 axons were analyzed for each genotype on P90. A total of 150 axons were analyzed for each genotype on M8. C: Scatter diagrams of g-ratios as a function of axon diameters in the corpus callosum in St8sia2 1/1 and St8sia2 2/2 mice on P90 (left) and at M8 (right). The data are expressed as mean 6 SD *P 0.05; **P 0.01; ***P 0.001.[Color figure can be viewed at wileyonlinelibrary. com]
40
Volume 65, No. 1 revealed the premature degeneration of nerve fibers, which worsened with age. mice, the density of OLIG21 cells significantly decreased in both the cortex (Fig. 6C ) and corpus callosum (Fig. 6D) . These results suggested that deficits in oligodendrocyte development might have caused the aberrant myelin maintenance in St8sia2 2/2 mice.
The Percentage of Undifferentiated Oligodendrocytes in the Corpus Callosum Is High in St8sia2 2/2 Mice Myelin integrity requires the proper formation of white matter and its subsequent maintenance, and these two depend on the proper differentiation of myelinating cells (Takebayashi and Ikenaka, 2015) . We hypothesized that the differentiation of OPCs in St8sia2 2/2 mice is disturbed. To identify the population of immature oligodendroglia, we first analyzed the expression of PDGFRa and TCF7L2 in OLIG21 cells. PDGFRa is a marker of OPCs (Baracskay et al., 2007) , and TCF7L2 is expressed in OPCs and premyelinating oligodendrocytes (Guo et al., 2015; Zhao et al., 2016) . We found that the percentages of both OLIG21/PDGFRa1 and OLIG21/TCF7L21 cells in the corpus callosum on P15 were almost two times higher in St8sia2 2/2 mice compared with control mice (Fig. 7A,B,D) . The translocation of OLIG1 protein from the nucleus (OLIG1nuc) to the cytosol (OLIG1cyt) highly correlated with the maturation of oligodendrocytes (Niu et al., 2012) . Therefore, we also investigated the number of undifferentiated oligodendroglia by analyzing the percentage of OLIG21/OLIG1nuc cells in the corpus callosum. The quantification revealed an approximately two-fold higher percentage of OLIG21/OLIG1nuc cells in St8sia2 2/2 mice compared with control mice. These results mice were studied in vitro. Oligodendrocyte precursor cells were obtained from mixed glial cultures that were isolated from the cortex in mice on P2. The cells were cultured for 48 h in media that were supplemented with either PDGF-AA/bFGF (maintenance conditions) or T3 (differentiation conditions) to estimate spontaneous and induced differentiation, respectively (Billon et al., 2002) .
Oligodendrocyte precursor cells express ST8SIA2 and ST8SIA4 (Werneburg et al., 2015a) . To determine whether the OPCs that were derived from St8sia2 2/2 mice were polysialylation-deficient, we analyzed polySia expression in cultures that were grown under maintenance conditions. Immunostaining and Western blot revealed a clear reduction of polySia expression in St8sia2 2/2 OPCs (Fig. 8A-C) . We then examined the capacity of wildtype and St8sia2 2/2 OPCs to differentiate in a model of spontaneous and induced differentiation. In cultures that were grown in PDGF-AA/bFGF medium, we assessed the number of MBP1 cells (i.e., mature oligodendrocytes). Few of these cells differentiated into oligodendrocytes in wildtype OPCs under these conditions. In St8sia2 2/2 cultures, however, nearly 4-times fewer MBP1 cells were found compared with wildtype cultures (Fig. 9A,B) , suggesting a defect in differentiation. In the cultures that were grown in T3 medium, the mRNA levels of Olig2 and the mature oligodendrocyte markers Mbp, Plp1, and Mag were assessed by quantitative PCR (qPCR).
Olig2 levels were unaltered, whereas Mbp and Plp1 levels were significantly lower in samples from St8sia2 2/2 cultures than from control cultures, and Mag showed a tendency toward lower levels of expression (Fig. 9C) . These results indicated that St8sia2 2/2 OPCs had a low differentiation capability in vitro compared with wildtype OPCs.
To explore the possible mechanism that underlies the lower propensity for differentiation of St8sia2 2/2 OPCs, we assessed the expression of PDGFRa. PDGF is a major factor for maintaining the undifferentiated state of OPCs (Barateiro and Fernandes 2014) . The cultures were grown under maintenance conditions and stained, in parallel, for PDGFRa and the oligodendrocyte lineage marker OLIG1 (Dai et al., 2015) . Although the percentage of PDGFRa1 cells within the OLIG11 population was similar in St8sia2 2/2 and wildtype cultures, the intensity of PDGFRa staining was significantly stronger in St8sia2 2/2 cells (Fig. 9D,E) . To study the possible consequences of this increase in PDGFRa levels, we evaluated the activity of the signaling pathways that are downstream from PDGFRa, AKT and extracellular signalregulated kinase (ERK) (Alessi et al., 1996) , in St8sia2
and wildtype cells using Western blot. The levels of the phosphorylated forms of both of these kinases were higher in extracts from St8sia2 2/2 cultures than from wildtype cultures (Fig. 9F,G) , indicating the overactivity of PDGFRa signaling in St8sia2 2/2 OPCs, which might have caused the reduction of the differentiation potential of these cells.
Discussion
This study provides evidence that ST8SIA2 is linked to oligodendrocyte dysfunction, demyelination, and axon degeneration in the brain. We found that the loss of ST8SIA2 led to impairments in both axons and myelin sheaths in the cortex and corpus callosum in adult mice. Alterations in myelin content were also detected in the hippocampus, striatum, and thalamus, indicating that this phenotype is not limited to specific brain regions. The myelination defects were specific to ST8SIA2 deficiency. St8sia4 knockout had no effect on the developmental formation of myelin (Koutsoudaki et al., 2010) or myelin maintenance (present study). We also found that oligodendrocyte differentiation was compromised in St8sia2 2/2 mice in a cell-autonomous manner.
The onset of myelination in the brain in St8sia2 2/2 mice was fairly normal at the histological level at early ages (P15 and P30), despite reductions of NEF immunoreactivity and protein levels that possibly reflected a defective axon outgrowth during development. Consistently, deficits in PLP and MOBP, markers of myelin, were not detected before P90, implying that the generation and assembly of compact myelin are undisturbed. Nevertheless, lower levels of CNP and MBP proteins were observed in juvenile mice on P15. The deficits in myelin proteins in St8sia2 2/2 mice occurred in the order in which the individual proteins are expressed during the transition from late OPCs to myelinating oligodendrocytes (Fulton et al., 2010) . CNP and MBP are synthetized already in premyelinating oligodendrocytes. Therefore, decreases in these proteins in St8sia2 2/2 mice on P15 (i.e., when the amount of myelin is still low) might reflect the lower number of differentiating oligodendrocytes in these mice, rather than hypomyelination. In contrast, deficits in MOBP and PLP1 that did not occur in St8sia2 2/2 mice until P90, as mentioned above, are indicative of demyelination. In agreement with this conclusion, the thinning of myelin was apparent on P90 and further deteriorated at M8, as observed by TEM and histological staining. Because simultaneously to demyelination axon degeneration occurred, reflected by an increase in tau protein phosphorylation on P90 and axon shape irregularities (observed by TEM), it is possible that axonal dysfunctions, in addition to oligodendroglia dysfunction, contributed to degeneration of myelin in St8sia2 2/2 mice at later ages, or myelin deficits compromised axon integrity. However, myelinated axons are negative for polySia (Charles et al., 2000) . Therefore, it is very unlikely that myelin and axonal pathologies were initiated by the loss of axonal polySia. Oligodendrocytes are required for myelin formation and turnover (Young et al., 2013) . Additionally, oligodendroglia provide trophic support to axons independently of myelin itself (Lappe-Siefke et al., 2003; Nave 2010a; Nave 2010b; Smith et al., 2013) . In St8sia2 2/2 mice the total number of OLIG21 cells was low, whereas the percentage of OLIG21/PDGFRa1, OLIG21/TCF7L21 and OLIG21/nuclear OLIG1 cells (i.e., undifferentiated cells) was about twice higher compared with wildtype mice. This suggested an inhibition of oligodendrocyte differentiation, which was further corroborated in vitro. We propose that myelin deficits in St8sia2 2/2 mice are at least partially caused by dysfunctions in oligodendroglia that result from an impairment of OPC differentiation. Furthermore, given that a low number of OLIG21 cells was evident before the first signs of axon degeneration (i.e., an increase in tau protein phosphorylation and shape irregularity on P90), the deficits in oligodendroglia may have caused axonal alterations and subsequent degeneration in ST8SIA2-deficient mice. However, additional experiments (e.g., oligodendroglial-specific knockout of St8sia2) are required to test these hypotheses. We found that St8sia2 2/2 OPCs have a lower capacity to differentiate in vitro than wildtype cells, suggesting a cellautonomous role for ST8SIA2 in oligodendrocyte differentiation. Our results reveal previously unknown function of polySia and ST8SIA2 in differentiation of OPCs. We can speculate about the way in which the decrease in polySia in OPCs affects the differentiation of these cells in St8sia2 2/2 mice. PolySia may interfere with ligand binding and consequently alter the activation of receptors that are involved in the proliferation or differentiation of OPCs, such as PDGFRa (Hill et al., 2013) , fibroblast growth factor receptors (FGFRs) (Furusho et al., 2012) , or receptor tyrosine-protein kinase ERBB4 (Chen et al., 2006; Roy et al., 2007) . This seems possible because we found increases in PDGFRa levels and activity of its downstream components AKT and ERK in St8sia2 2/2 OPCs. Moreover, the polySia carriers NCAM1 and CADM1 are known to interact with FGFRs in neurons (Kiryushko et al., 2006) and ERBB4 in astrocytes (Ojeda et al., 2008; Sandau et al., 2011) , respectively. How do the current findings relate to previous reports on the role of polySia in oligodendrocyte development and myelination? The level of polySia was reported to decrease during the differentiation of myelinating oligodendrocytes (Franceschini et al., 2004 ) and on axons before myelin is deposited (Charles et al., 2000) . Gain-of-function experiments in vitro and in vivo showed that polySia interferes with the maturation of oligodendrocytes (Decker et al., 2002; Fewou et al., 2007; Franceschini et al., 2004; Prolo et al., 2009 ) and myelin wrapping (Charles et al., 2000; Fewou et al., 2007; Franceschini et al., 2004; Prolo et al., 2009 ). Thus, polySia appears to act as a negative regulator of OPC differentiation and myelination. However, the results presented herein suggest that polySia may also play a positive role in myelination by promoting OPC differentiation. In addition, other in vitro studies have shown that polySia plays a positive regulatory role in the migration of oligodendroglia (Czepiel et al., 2014; Wang et al., 1994; Zhang et al., 2004) . It was also demonstrated that attenuation of polySia by ablation of either St8sia2 or St8sia4 interferes with cortical interneuron migration, resulting in low number of interneurons in the adult brain (Angata et al., 2007; Kr€ ocher et al., 2014; Wang et al., 1994) . It raises the possibility that migration of OPCs is impaired in St8sia2 2/2 mice; however, it was not examined in the present study. Interestingly, in both polySiadeficient St8sia2 2/2 mice and mice with elevated levels of polySia that were caused by deficiency in the lysosomal sialic acid transporter sialin or ectopic expression of St8sia4 under the Plp promotor (Fewou et al., 2007; Prolo et al., 2009) , the number of mature oligodendrocytes and myelin content decreased. The fact that these three mouse lines exhibit similar deficits that result from opposite impairments in polysialylation implicates polySia in various aspects of oligodendrocyte development, myelin formation, and myelin maintenance. Altogether, these results support the notion that the precise regulation of polysialylation by the activity of ST8SIA2 and ST8SIA4 is required for the orchestration of oligodendrocyte development and myelination. The myelin deficits and axon degeneration that were observed herein expand the list of similarities between
St8sia2
2/2 mice and schizophrenia patients (Kr€ ocher et al., 2015) who present white matter changes and the disintegration of nerve fibers (Du et al., 2013; Holleran et al., 2014; Mighdoll et al., 2015; Najjar and Pearlman 2015; Wheeler and Voineskos 2014) . Post-mortem morphometric examinations of 40 schizophrenia brains revealed myelin thinning, axon deformation, dark degeneration, and white matter lesions (Uranova et al., 2011) . ST8SIA2-deficient mice also exhibit all of these alterations. The causes of these pathologies in schizophrenia are unclear. One presumption is that they are consequences of oligodendroglial deficits because variations in the genes that encode oligodendrocyte and myelin proteins, such as OLIG2, MBP, PLP1, MOG, MOBP, CNP, and MAG, have been associated with schizophrenia (reviewed in (Roussos and Haroutunian 2014) , and lower levels of expression of these proteins were observed in schizophrenia brains post-mortem (Hakak et al., 2001; Mauney et al., 2015; Tkachev et al., 2003) . Moreover, a recent study reported a decrease in the density of OLIG21 cells and an increase in PDGFRA expression in the prefrontal cortex (Mauney et al., 2015) . Highly reminiscent of these findings in schizophrenia, the levels of all the investigated myelin proteins in this study were reduced in the cortex in adult St8sia2 2/2 mice, and St8sia2 2/2 OPCs exhibited an increase in the level of PDFGRa in vitro. Therefore, polysialylation disturbances that are caused by ST8SIA2 dysregulation may be one of many possible causes of deficits in oligodendroglia in schizophrenia patients. However, future genetic and neuroimaging studies are necessary to determine whether schizophrenia-associated variants of ST8SIA2 are linked to white matter changes and nerve fiber alterations in schizophrenia patients. If these links are indeed established, then St8sia2 2/2 mice may be a suitable model for studying the neuropathological mechanisms associated with schizophrenia.
Conclusions
This study revealed a new role for polySia in oligodendrocyte differentiation and myelin maintenance, and suggests a potential mechanism that underlies the white matter abnormalities that are observed in schizophrenia patients. The striking similarities in nerve fiber abnormalities and oligodendrogliarelated deficits between schizophrenia patients and St8sia2
2/2 mice suggest that white matter pathology in at least some schizophrenia patients might be associated with dysfunctions in ST8SIA2 and polysialylation.
